1. The ocular following responses elicited by brief unexpected movements of the visual scene were studied in 10 rhesus monkeys. Test patterns were either random dots or sine-wave gratings [spatial frequency (F,) 0.046-1.06 cycles per degree (c/O)]. Test stimuli were velocity steps [speed (v) 5-400"/s] of lOO-ms duration, applied 50 ms after spontaneous saccades to avoid saccadic intrusions. Eye velocity response profiles were nonmonotonic and idiosyncratic, but consistent and closely timelocked to stimulus onset. Two measures of response amplitude were used: initial peak in eye velocity ($3 and average final eye velocity over the period of 1 lo-140 ms measured from stimulus onset (ef).
2. Using random dot patterns, response latencies were short, e.g., when the criterion for onset was an eye acceleration of 100°/s2, mean latency (&SE) for eight monkeys with a 40"/ s test ramp was 5 1.5 t 0.6 ms. Using gratings of low spatial frequency (F, < 0.5 c/O), latency was inversely related to, and solely a function of, contrast and temporal frequency, Ft (where Ft = Ve F,). We conclude from the latter that ocular following is triggered by local changes in luminance, and propose a model of the detection mechanism that reproduces all the essential features of these data.
3. Moderate low-pass spatial filtering ("blurring") of the random dot pattern, by interposing a sheet of ground glass between the animal and the scene, progressively increased the response latency and decreased ef, but ei was either little affected or increased. When used with gratings, the ground glass simply reduced the contrast (range: 0.5,0.003), with very similar consequences for ocular following: latency increased and &decreased, but 6 changed little over the first decade of contrast reduction, increased over the second, and began to show attenuation (often pronounced) only at the lowest contrast. We suggest that these anomalous increases in ei with reductions in contrast are secondary to the delay in response onset and might be explained if the motion detectors responsible for triggering ocular following act as a gate for integrated retinal slip inputs to the tracking system proper: the delay in detection causes a buildup in the error signal driving the tracking response.
4. En masse movement of the visual field was not the optimal stimulus for ocular following. Responses could be improved by partitioning the field into central and peripheral regions (center, 20-60° diam) and, with gaze centered, reversing the image motion in the periphery so that central and peripheral retina now saw contrary motion. Responses were intermediate if the images in the surround remained stationary. Since any tracking produced by motion in the periphery alone was always in the same direction as the stimulus, albeit weak, we conclude that these anomalous effects of motion in the periphery result from modulation of the system's sensitivity to motion at the center: in-phase suppression and anti-phase enhancement.
5. We suggest that this peripheral modulation of ocular following assists in the tracking 1321 
INTRODUCTION
Visual acuity is severely co v mpromised if the images of interest on the retina move at more than a few degrees per second (95), and one of the major functions of the oculomotor system is to prevent such problems. In everyday life, threats to the stability of the entire retinal image come mostly from the observer's failure to keep his eyes still while moving about the environment. Setting aside the brief, unavoidable disturbances in gaze during saccadic eye movements, whose whole object is to achieve a rapid transfer of the line of sight to a new part of the visual scene, there are two common situations in which gaze stability and clear vision are threatened. The first is in the immediate wake of the saccade. The problem here is that when the saccade ends, the nervous system is not always completely successful in programming a steady level of activity in the extraocular muscles that is exactly appropriate for holding the eye at its new position; the net result is postsaccadic ocular drift, sometimes referred to as a glissade (55, 71, 72, 94) . A second major challenge occurs during head rotations that under normal circumstances frequently accompany saccadic eye movements but usually last much longer (4) . In the monkey, wnicn wul t3e our main concern, tne vestibulo Iocular reflex is the primary mechanism for protecting gaze stability here, generating compensatory eye movements to offset the effects of head rotations. However, this reflex is not perfect (53, 63, 64, 73) , and although other mechanisms might also contribute (e.g., neck proprioception, preprogramming), head movements must often result in some slight shifts in gaze. In both of these situations, the disturbances of the retinal image evoke ocular following responses that track the retinal slip and thereby help to stabilize the eyes on the scene. For convenience in the laboratory, these following responses are generally studied by moving the visual scene while the animal is secured in position. However, the recurring periods of gaze instability that invoke ocular following under natural conditions are generally only transient, each lasting a few hundred milliseconds at most. Previous work on ocular following generally employed prolonged stimulation lasting for periods of seconds and did not attempt a detailed analysis of the very earliest part of the response. The present series of papers is concerned with the ocular following responses to brief movements of the visual scene.
Although postsaccadic ocular drift affects the whole retinal image uniformly, the same is not true of head rotations. Because the head rotates about an axis behind the eyes, the eyes undergo some lateral translation during head turns (3, 41, 73, 76, 9 1) . This means that the observer will see relative motion between foreground and background images and that the compensatory eye movements required to maintain nxation are greater for nearby objects than for distant ones. Of course, the motion parallax effects here are small, especially compared with those when the observer looks off to one side while moving forward through the environment. The important point is that, when moving about, it is not possible to stabilize the whole retinal image, the angular velocity of any given image being inversely related to its distance from the observer. Given this uneven flow of images across the retina, it is of interest to determine the image selection exercised by the system. There is general agreement that images moving in the central retina are much more potent than peripheral ones in evoking ocular following in primates (7, 2 1,48,54,90) . This, together with disparity cues, has been invoked to deal with the motion parallax problem (47, 48) . The present paper will present evidence which suggests that the ocular following system can make use of the relative motion between central and peripheral images to help track the former, and that it is better at stabilizing the eyes on large objects than whole scenes. This paper, the first of three concerned with short-latency ocular following responses in monkeys, describes some of the spatiotemporal properties of the visual input driving these movements. A second paper shows that the ocular following responses are transiently enhanced after saccadic eye movements, and presents evidence that this results from the visual stimulation caused by the saccade sweeping the eye across the visual scene (52) . A third paper is concerned with the adaptive regulation of the ocular following responses by visually mediated learning processes (66) .
METHODS
Data were collected from 10 adolescent rhesus monkeys (Macaca mulatta), weighing 4-8 kg. All animals had been previously trained to fixate small target lights to obtain a fluid reward (98) . Under Nembutal anesthesia and aseptic conditions, each monkey was fitted with a pedestal, which was secured to the skull through implanted bolts and dental acrylic, to allow the head to be fixed in the standard stereotaxic position. A scleral search coil was also implanted, using the technique of Judge et al. (49) , for the purpose of monitoring eye movements by an electromagnetic induction technique (28) . The AC voltages induced in the search coil were led off to a phase detector circuit that provided separate DC voltage outputs proportional to horizontal and vertical eye position, respectively, with a corner frequency (-3 dB) at 1 kHz (CNC Engineering). The coil output voltages were calibrated in relation to eye position with a digital voltmeter by having the animal fixate small target lights located at known eccentricities along the horizontal and vertical meridia. Peak-to-peak voltage noise levels were equivalent to an eye movement of ~4 min of arc. Eye position signals were subjected to analogue differentiation to provide outputs proportional to eye velocity with a bandpass of DC-100 Hz (-3 dB). Because of the noise contaminating these signals (peak-to-peak equivalent to 2"/s), it was necessary to collect multiple responses (n = lOO+) and employ averaging techniques to achieve a satisfactory signalto-noise ratio.
Stimulus presentation
The animal faced a translucent, tangent screen of white paper on which moving patterns could be backprojected. This screen was 236 mm in front of the eyes and subtended 85" along the vertical and horizontal meridia. The visual field beyond this screen was blanked off with black card. Controlled horizontal and vertical movement of the pattern was achieved by interrupting the projector beam with an X-Y mirror galvanometer system under negative feedback control (General Scanning, CCX 10 1). Ramp inputs to the galvanometer controllers were provided by analog hardware under computer control (PDP 1 l/73). Each ramp lasted 100 ms, after which the screen was blanked for 500 ms by applying a step input to the vertical galvanometer. During blanking, the featureless screen was dimly visible due to stray light. Following this, the pattern reappeared at its initial start position, ready for the next test ramp. In the earlier experiments a complete test sequence consisted of 28 ramps that varied randomly in direction (up, down, left, right) and speed (10, 20, 30, 40, 60, 80, and lOO"/s); later experiments included speeds up to 4OO"/s. Some tests involved only a subset of these ramps. Intertrial intervals were always varied (1.5, 2.0, 2.5, and 3.0 s).
To encourage the monkeys to remain alert, they were given an occasional drop of water or fruit juice for making fast saccades (eye speeds greater than 35O"/s). As this was their sole source of fluid, animals could usually be relied upon to remain alert for daily test sessions lasting 4-6 h, during which time they would receive 200-500 ml of water. Since intersaccadic intervals were rarely less than 200 ms and the test ramps lasted for only 100 ms, it was possible to avoid saccadic intrusions simply by arranging for the scene to begin drifting soon after the end of a (spontaneous) saccade. A postsaccadic delay interval of 50 ms was used throughout this first study, the criterion for the end of a saccade being when eye velocity fell below 2O"/s. (Close scrutiny of the saccadic profiles suggested that this criterion specified the end of the saccade only to within 5-10 ms.) This arrangement allowed the collection of tracking data that were generally free of saccades for at least 150 ms following the onset of the stimulus, ample time for our present purpose, without placing constraints on the animals' behavior. On those few occasions when a saccade did occur within this period, the computer rejected the data and arranged for the test ramp to be repeated. Ramps were delivered in the wake of the first saccade to occur following the expiration of the (variable) intertrial interval provided that one final condition was met: the saccade brought the eyes to within 10" of the center of the screen. To encourage the monkeys to make saccades into the window, the fluid reward was limited to those saccades that were followed by a test ramp. It is important to note that the fluid was provided solely as an incentive to generate appropriate fast saccades and was not contingent in any way upon the animal's tracking responses.
The visual patterns used to elicit ocular following were of two kinds: random dots and sine-wave gratings.
RANDOM DOT PATTERNS.
The projected scene was a photograph of a computer-generated random dot pattern taken from Ref. 50 (p. 228 , left hand image, 7.2-7). The smallest dots subtended -15 min of arc, and luminance ranged from 3.7 cd/m2 in the light areas to 0.2 cd/m2 in the dark (measured with a digital photometer with a narrow angle probe: Tektronix J 16,56523). In the standard test situation, ocular following responses were elicited by moving the entire image on the screen, which the animal viewed with both eyes. In other experiments, the visual stimulus was restricted in various ways: Monocular viewing. Patching was used to limit the moving stimulus to one eye only, which could be the one with, or without, the coil. Dichoptic viewing. A mirror was placed in front of the left eye and so positioned to provide this eye with a clear view of a second screen onto which moving patterns could be backprojected from a second projection system. The right eye continued to view the usual screen. This optical arrangement allowed the visual scene before each eye to be moved independently.
Separate stimulation of central and peripheral retina. A plane, front-surface mirror (M2 in Fig. 1 ) was suspended at 45" in the light path of the principal projector so as to allow the substitution of a separate image in the central part of the screen by a second identical projection system (faint line in Fig. 1 ). A set of four such mirrors was specially cut to delimit circular areas on the screen subtending 10, 20, 40, and 60". The random dot patterns in the two parts of the screen were matched for brightness and the two projection paths carefully aligned so that the circular stationary boundary between the two zones was evident only as a slight disconWhite Paper screen FIG. 1. Diagram of optical arrangements used to elicit ocular following. The principal projection system (bold line) created a real image at the paper screen at A. Controlled blurring was achieved by moving the paper screen to B and interposing a sheet of ground glass at A. A second identical projection system (faint line) could be introduced using two plane front-surface mirrors (M,, M2), to provide separate control of the images in the center of the screen. The extent of this central region was governed by the size of M2, which was so shaped as to project a pattern of circular outline on to the screen. P, projectors. V and H, mirror galvanometers providing vertical and horizontal deflections, respectively.
tinuity. This optical partitioning permitted the images in the central and peripheral parts of the screen to be moved independently. Since the object here was to examine central and peripheral visual mechanisms, the animal's gaze had to be centered at the time the test ramp was delivered, and the usual 10" window was too large, at least for the smaller central zones. After obtaining pilot data, it was decided to use a window 5" in diameter when the center of the pattern was loo across, 6O when 20", 8O when 40", and 10' when 60°.
Low-pass spatialjltering.
The image of the random dot pattern seen by the animal was low-pass filtered ("blurred") by interposing a d&sing screen of ground glass. This method of spatial filtering was preferred over lens blur because our first concern was with the dependence on Fs, and the effects of lens blur in the spatial frequency domain are more complex and nonmonotonic (46, 96). The magnification changes associated with lenses also represented an unwanted side effect. The usual paper screen was moved back (to position B in Fig. l) , and a sheet of ground glass was fixed in its stead (in position A in Fig. 1 ) with the ground surface facing the animal. Thus, the pattern seen by the animal was at the usual viewing distance but now imaged on the ground glass. With this arrangement, the amount of blur is determined by the magnitude of the separation between the paper screen and the ground surface. The separation was varied systematically by moving the paper so that the viewing distance was kept constant. The movement of the paper screen was small (up to 29 mm) compared with the projection distance (215 cm) and did not have a significant effect on the size or the focus of the primary image projected on to the paper. To ensure uniform separation between the paper screen and the diffusing (ground) surface, the paper was sandwiched between sheets of plate glass.
The ground glass degrades the visual image by limiting its high spatial frequency content, an effect that can be quantified by measuring the "border spread function". For this purpose, a vertical blackwhite border was projected in place of the usual random dot pattern. This border image was swept horizontally across the screen at 4O"/s using the mirror galvanometer system, and the changes in luminance at a central point on the ground surface were monitored with a photodiode (aperture ap proximately 180 pm, subtending 2.6 min of arc). The voltage outputs from the photodiode and from the position transducer in the galvanometer system were sampled at 1 kHz, digitized, and stored in the computer. The data for 150 sweeps were collected and averaged, the relationship between the outputs of the photocell and position transducer providing a description of the luminance distribution across the projected boundary image. Insofar as the diffusing qualities of the ground glass were uniform across the screen, the luminance distribution so measured across the image would faithfully reflect the luminance distribution across the screen at any given instant, i.e., the border spread function. Such data were obtained with the separation between paper and ground glass fixed at each of seven standard settings ranging from 5 to 29 mm. These estimates of the border spread function were differentiated to obtain the equivalent line spread functions, which were then subjected to Fourier analysis to obtain the modulation transfer functions shown in Fig. 2A . It is clear from this analysis that the ground glass diffusing surface acts like a low-pass filter, progressively attenuating the high spatial frequencies in the image as the separation between screen and ground glass increases. It is evident from the "paper screen only" trace in Fig. 2A that the basic backprojection optical system (without the ground glass) could produce an image of only poor quality, failing to transmit spatial frequencies greater than 3 c/O. To provide a single index of the spatial frequency limitations imposed by the various settings of the ground glass filter, each setting was defined in terms of its "cutoff' wavelength, which is that wavelength below which 95% of the energy in the border image resides. Increasing the separation between the paper and the ground glass resulted in linear increases in the cutoff wavelength (see dotted line in Fig. 2B , right-hand ordinate scale). The correlation coefficient for these data was 0.998, and the linear regression had a slope of 0.42 t 0.01 (SE) with a y-intercept at -0.60 t 0.19 (SE). One last caveat concerning our use of ground glass to degrade the image: no attempt was made to control the animal's pupil size, an important determinant of retinal image quality. However, since changes in average luminance were negligible over the range of settings used with the ground glass filter, it was thought unlikely that pupil size would vary in any systematic way. SINUSOIDAL GRATING PATTERNS.
Visual stimuli were restricted to one particular spatial frequency by replacing the random dot patterns with sine-wave gratings. All experiments involved horizontal movements of vertically oriented stripes. A set of projection slides for this purpose was made by photographing sine-wave gratings generated on the screen of a cathode-ray tube (CRT, Joyce Electronics; film, Kodak Technical Pan 2415). The contrast, spatial frequency, and total harmonic distortion of the projected images seen by the animal at the center of the screen were measured objectively using the small-aperture photodiode as previously described for the border spread function. Fourier analysis of the data for each grating pattern revealed that the total harmonic distortion was in all cases <5%, and the spatial frequencies of the fundamentals were 1.06, 0. 
where kn and Lax are the minimum and maximum luminance, respectively. For all grating patterns, contrast was within 10% of 0.5. The contrast of the grating patterns was reduced systematically by interposing the sheet of ground glass between the animal and the paper screen, exactly as described earlier with random dot patterns. However, to increase the upper end of the range, a second set of slides was made, this time of gratings photographed to achieve maximum contrast while preserving linearity. The dependence of contrast on the separation between the screen and the ground glass is shown in Fig. 2B for each of the nine grating patterns in this second set (continuous line, lefthand ordinate scale). Note that the use of the ground glass "filter" to reduce the contrast of the grating image was preferred over a set of photographs of gratings of various contrasts since high-spatial frequency contaminants due to the grain and other inhomogeneities in the film emulsion are filtered out by the ground glass. Such contaminants are especially troublesome in photographs of low-contrast gratings, adding to the harmonic distortion appreciably.
Some problems of the tangent screen A number of shortcomings concerning the use of the tangent screen should be mentioned, even though we do not feel that they pose any significant problem for the interpretation of the data presented in these three papers. Full scale deflection of the pattern on the screen required only about 6O of mirror rotation, and linear ramp inputs to the galvanometer resulted in linear excursions at the screen. However, because of the near viewing situation, the angular velocity seen by the animal was not uniform across the screen and decreased considerably with eccentricity: angular velocity at the edge (42.5" eccentricity) was only 54% of that at the center. Stimulus velocity was defined in terms of the time required for the image on the screen to traverse the central 40'. Thus the stated ramp speeds are only an estimate of the average in the central 40", actually being 4% high at the center and 8% low at an eccentricity of 20°. When gratings were used, values for F, and v were similarly averaged over the central 40"; of course, with increasing eccentricity F, increases and vdecreases so that temporal frequency, FI (= P F,), remains constant.
Data collection and analysis
The presentation of stimuli, and the collection, storage, and display of data were controlled by a DEC 1 l/73 microcomputer using a Real-time EXperimentation software package (REX) developed by Hays et al. (39) . The output voltages from the transducers in the galvanometer systems provided monitors of horizontal and vertical mirror (stimulus) position, and these were subjected to electronic differentiation to provide monitors of stimulus velocity with a bandpass of DC-100 Hz (-3 dB). Voltage signals separately encoding the horizontal and vertical components of eye position, eye ve-locity, and mirror (stimulus) velocity were digitized to a resolution of 12 bits, sampling at 500 Hz (analog-to-digital converter: Data Translation). A digital low-pass filter was used to smooth the data [filter length = 15 points, -3 dB at 100 Hz (79)]. All data were stored on a Winchester disc (US Design, CSS-800) and, after completion of the experiment each day, were transferred to digital tape for archival storage and subsequent analysis with a digital computer (DEC 1 l/44).
After sorting the data according to stimulus velocity, eye velocity responses were displayed on a video system (Matrox/Electrohome) so that any trials contaminated with saccadic intrusions could be discarded; these were invariably due to very small saccades that were not detected by the software algorithm at the time of the experiment. After averaging, the eye velocity data were then used to estimate I) the initial peak eye velocity, ei, which was the maximum eye velocity achieved by the first wave of eye acceleration, and 2) the final eye velocity, ef, which was the eye velocity averaged over the time interval extending from 110 to 140 ms, measured from stimulus onset. Any DC component due to drift, which was present prior to the onset of the response, was subtracted. The average eye velocity temporal profXes were low-pass filtered and differentiated, using a Chebyshev optimal, nonrecursive linear digital filter [filter length = 45 points, -3 dB at 8 1 Hz (79)]. This yielded eye acceleration profiles.
RESULTS
The ocular following responses elicited by unexpected, transient movements of the visual scene were examined in 10 monkeys. All of the tracking data described in the early sections of the RESULTS were obtained using random dot patterns; for the experiments described in later sections, these patterns were replaced with sine-wave gratings, and these data will be dealt with under a separate heading.
Temporal response profiles
Without the benefit of either training or reinforcement, monkeys reliably produced ocular following at very short latencies in response to the standard 100.ms test ramps. An example is shown in Fig. 3 . The traces in The irregularities in the response profiles were very consistent from one test session to eration, is shown in Fig. 3C .
another. However, they were also idiosyn- Thelatencyofthe OCUlar following responses was determined from the eye acceleration profiles. The criterion for onset of a response was an eye acceleration in excess of lOO"/s*, which was approximately twice the standard deviation of the noise during the preresponse period. This generally gave a reasonably robust measure of latency; with the initial eye acceleration typically incrementing at the rate of 20-12O"/s* every millisecond, even increasing the threshold criterion by 50% would not have increased the latency measures by more than 2.5 ms in most cases and usually by much less. Of the 224 responses examined in a total of eight monkeys, the initial component failed to reach criterion in only 5.
Response latencies were generally similar in all animals studied, tending to stabilize at about 50 ms with stimuli in excess of 4O"/s, and invariably being somewhat longer for the lower velocity stimuli. These trends are evident from the population averages plotted in Fig.  5 . Response latencies to the faster stimuli were generally independent of stimulus direction, whereas those to the slower stimuli were notably shorter for upward movements. (That latencies to leftward movements were on average longer than any others was mainly due to the unusually high values in one monkey, no. 7.) on latency.
It should be emphasized that all of the latency measurements were taken from eye acceleration data derived from averaged eye velocity profiles because of noise problems in the raw data (see METHODS). Whereas lowpass filtering would have seriously compromised these absolute measures of latency, this method of noise reduction was used to obtain some estimate of the trial-by-trial variability in latency. For this purpose, the raw eye velocity data were processed with a third-order Butterworth digital filter (-3 dB, 25 Hz). Derivatives were then calculated, and the usual latency algorithm was applied to the resulting outputs after lowering the threshold criterion to 5O"/s*. By these measures, response latenties to a given stimulus were reasonably consistent for any given animal; standard deviations were < 10 ms in more than 70% of cases (mean, 8.4 ms; range, 3.7-16.5 ms).
RESPONSEMAGNITUDE.
Itwasevidentfrom the superimposed profiles in Fig. 4 that the magnitude of the ocular following responses was strongly dependent on stimulus velocity in the range lo-lOO"/s. Measures of ef from each of the eight animals studied systematically are plotted separately in Fig. 6 ; the error bars indicating the trial-by-trial variability (SD) were derived from measures obtained after the data had been low-pass filtered exactly as described in the previous section on latency. It is evident that tracking responses generally increased as a linear function of the logarithm of stimulus velocity up to 4O"/s. However, the animals could be divided up into two response groups with distinctly different sensitivities to the test ramps. In Fig. 6 tracking responses for any given stimulus velocity are greater for the data plotted in the left column than for those in the right column (note the different ordinate scales), and there is almost no overlap between the groups. The regressions of if on stimulus velocity (up to 4O"/s) had slopes that were three to four times greater in the more responsive group: average slopes (*SE) for the two groups were 17.1 t 1.3 and 4.8 t 0.4. Velocity dependence was much more variable for stimulus velocities in excess of 4O"/s. The less vigorous group generally showed varying degrees of saturation with some responses even reaching a peak and then decrementing. Among the more vigorous group, some responses continued to increase roughly linearly with the logarithm of stimulus velocity and maintained about the same slope, others showed some saturation, whereas still others actually showed a slight increase in the slope. Two other animals, from whom only partial data were obtained, were of the more responsive kind so that the latter just outnumbered the less responsive by 6:4. The response profiles shown earlier include examples from both groups: the responses in Fig. 4 , A, B, and C (from rnonke~~ 2, I, and 3, respectively) are clearly much more vigorous than those in Fig.  40 (monkey 5). The reason for this bimodal distribution is not clear, and possible technical factors that may have had a bearing on this variability will be considered in the DISCUS-SION section.
Most animals showed consistent directional asymmetries. In four of the eight animals for which data are shown in Fig. 6 (monkeys I, 2, 6, and 8), for any given ramp velocity, upward responses were the strongest, downward the weakest, and horizontal, whether leftward or rightward, intermediate. Of the remaining animals, one showed the opposite tendency, its downward responses being the most vigorous and its upward the least (monkey 4), whereas the asymmetry in the others was mainly re- stricted to one direction, in which responses could be unusually vigorous (rightward in monkey 3) or unusually weak (downward in monkey 5, rightward in 7).
The above description of the velocity dependence of ocular following was based on FIG. 6. Effect of changes in stimulus velocity on average final eye velocity ($ in 8 monkeys. LeJt hand column: data from monkeys in the more responsive group (monkeys l-4, respectively). Right hand column: data from monkeys in the less responsive group (monkeys 5-8, respectively). Note the difference in the ordinate scales used for the 2 groups. Error bars, *SD. 10"; B: 20"; C: 40"; and D: 60°. In all cases, images at the center were subject to 6O"/s leftward test ramps. Images in the periphery were either stationary (continuous line, "stat"), moved in exactly the same way as those at the center (dashed line, "same"), or moved at the same speed but in the opposite direction (dotted line, "opp"). Upward deflections represent leftward motion, i.e., the direction of stimulus motion at the center. Arrow in D indicates approximate time at which events in the periphery begin to influence the response profile. Labels and other conventions as for Fig. 4 . measures of ef, but very similar trends were evident from measures of ei. In particular, two distinct response groups were still evident; the regressions of ei on stimulus velocity (up to O"/s) for the two groups had average slopes t SE) of 3.1 t 0.6 and 1.2 t 0.1. The population averages based on both measures are down in Fig. 7 , the data from the two response ups being treated separately. 
Monocular stimulation
Restricting the visual input to one eye (by patching) resulted in a slight increase in the latency of ocular following, the average change (*SE) in the four animals examined being 2.8 + 0.4 ms. Most responses also showed -some reduction in amplitude when one eye was covered (30/32 measures of ii and 28/32 measures of ef), but there was considerable in- dividual variation; mean change in ii was -38% (range, -62 to +26%), and mean change in ef was -25% (range, -56 to + 14%). Directional asymmetries (up/down, left/right) were evident with monocular viewing and were qualitatively the same as those in the binocular situation for all 16 measures of & and 13/ 16 measures of ei. There was no systematic nasal/temporal bias nor were responses consistently better when the viewing eye was the one carrying the monitoring coil.
Anomalous peripheral eflects
A mirror and a second projection system were introduced to partition the pattern on the screen to permit images in the central part to be moved independently of those in the periphery. Since test ramps were applied only when the eyes were directed at the center of the screen, this arrangement allowed independent stimulation of central and peripheral regions of the retina (see METHODS) .
Test ramps were applied to the central pattern to elicit ocular following while the surrounding pattern was 1) stationary, 2) moved in exactly the same way as the pattern at the center, or 3) moved at the same speed but in the opposite direction. Figure 8 shows some sample response profiles obtained from one animal in each of the three conditions while the diameter of the central area was varied systematically (10,20,40, and 60"). The most striking finding was that movement of the whole field was not the optimal stimulus for ocular following, and this is most readily appreciated from the response profiles in Fig. 80 , for which the central area was 60° across. It is clear here that ocular following was best when the images in the two regions moved in opposite directions ("opp"), and was worst when the two images moved in the same direction ("same"); responses were intermediate when the surround images were stationary ("stat"). These anomalous effects of conflicting events in the surround were not manifest until more than 90 ms after stimulus onset (see asterisk in Fig. 80 ). The improvement in ocular following produced by contrary motion in the surround will be referred to as "anti-phase enhancement", whereas the decrement produced by identical motion in the surround will be referred to as "in-phase suppression."
It is clear from the remainder of Fig. 8 that reducing the size of the central area reduced the latency and the magnitude of these anomalous surround effects. In fact, as the center was reduced in size, the motion in the surround began to exert more "conventional" effects, driving the eyes in the direction of stimulus motion. As long as the center was more than 20' across the direction of tracking was always dictated solely by the direction of motion at the center, with motion in the surround merely modifying its amplitude, generally anomalously. However, when the center was 20' or less across, motion in the surround that conflicted with that at the center began to exert a more conventional effect and to influence the direction of tracking. In Fig. 8A , for example, for which the center was only 10' across, when there was contrary motion in the center and surround, the eyes at first moved in the direction of the surround movement.
There was little hint of these anomalous peripheral effects when the periphery alone was stimulated; when the images in the periphery were moved while those at the center were stationary, then the observed ocular following was weak but always in the same direction as the stimulus movement. Thus peripheral inputs do not exert their paradoxical influence by inducing "reversed" tracking but rather by modulating the tracking responses generated by the images moving at the center. Further, this modulation is clearly sufficiently powerful to obscure the conventional contribution due to the motion in the surround.
Some indication of the quantitative extent of these paradoxical effects and their dependence on the size of the central region can be seen in Fig. 9 : pooled average measures (*SE) of ei and &for the three animals examined are shown in Fig. 9, A and B ; the three curves in each graph indicate the tracking responses when the images in the periphery were stationary (stat), moving in the same direction as those at the center (same), or moving in the opposite direction (opp). Where the same curves lie below the stat curves, in-phase suppression is evident; where opp curves lie above stat curves, anti-phase enhancement is evident. Significantly, the visual stimulus most commonly used to elicit ocular following, fullfield motion (same), was generally not the optimal one. The stimulus arrangement that gave the best ocular following in our experiments was when the images moving at the center were 40° across and the images in the surround IN MONKEY. I 1335 were moving in the opposite direction; in these circumstances, ef was 72% greater than when images moved en masse. It is clear that motion in the surround exerts two distinct effects on ocular following: one contributes directly in a conventional way, and the other indirectly by modulating the responses produced by motion at the center. A quantitative estimate of the modulation effects alone was obtained by calculating a modulation index. This involved subtracting the responses due to motion in the surround alone (e,) from those resulting from concurrent motion in the center and surround (ec+&, and then normalizing with respect to the responses when motion was confined to the center only ( ) e,
Positive values for the index indicate enhancement and negative values indicate suppression. The modulation indices based on the data in Fig. 9 , A and B are shown in Fig.  9 , C and D, respectively. The modulation index based on measures of ei when the motion in the center and surround was in-phase (circles in Fig. 9C ) showed clear evidence of suppression, the magnitude of which was an inverse function of the size of the central region, reaching -80% when the center was loo across. This reduction in suppression with expansion of the center was due, at least in part, to the progressive increase in the latency of the surround influence, an effect clearly seen in Fig. 8 . The indices based on ei with anti-phase motion (triangles in Fig.  9C ) showed no evidence of significant enhancement, but a previously overlooked suppressive effect was apparent when the center was 20° or less. The failure to see anti-phase enhancement in the first wave of eye acceleration was not due to the latency of the surround influence. This was shown in a further series of experiments on two monkeys in which the movement in the periphery was initiated 15 or 30 ms before the movement at the center. Both time intervals gave essentially the same results and failed to bring out any enhancement in the ei modulation index.
The modulation indices based on if (Fig.  9D) showed clear evidence of in-phase suppression and anti-phase enhancement, averaging -30.7% and +24.0%, respectively, when the center was 40-60° across. There was no significant modulation when the center was 20' across, and if was so poor and variable in the stat condition when the center was loo that the index was huge and meaningless. (It should be realized that the modulation indices based on measures of ef probably underestimate the true modulation effects. The reason for this is that the measures of eS underestimate the conventional contribution from the surround: when motion is confined to the surround, tracking encounters opposition due to the stationary images at the center. This braking action might commence as early as 50-60 ms after the onset of ocular following; with the latter commencing at 55-80 ms, this is quite soon enough to influence some of the ef measures. Attempts to prevent this effect, by blanking the center at the time that the motion in the surround got under way, were unsuccessful because the blanking itself had profound effects on ocular following.) INTEROCULAR TRANSFER.
To test for interocular transfer of the anomalous peripheral effects, it was necessary to examine the effect of images moving in the peripheral field of one eye on the ocular following responses generated by images moving in the central field of the other. Dichoptic viewing was used so that the eye carrying the search coil viewed a screen that had the periphery beyond 40° masked off with black card, while the other eye viewed a second screen whose central 40' had been masked off.
Anomalous peripheral effects were evident in some interocular transfer tests but were often much weaker than in the usual binocular viewing situation. When the peripheral images were moved in the same direction as those at the center, tracking was invariably worse than if the peripheral images remained stationary, just as in the normal binocular situation (inphase suppression). In the example shown in Fig. lOA , the decrement in ef was 13%, which was exactly the same as the decrement that this animal had shown with this stimulus arrangement in the normal binocular tests. In four tests carried out on two animals, however, the average decrement was only 10% compared with an average of 3 1% for these same animals in the binocular situation. Nonetheless, although the in-phase suppression in these Dichoptic viewing and 2 projection systems were used to stimulate the 2 eyes separately. Black card was used to mask off different parts of the field so that the right eye (carrying the search coil) saw pattern only in the center while the left eye saw pattern only in the periphery. In each case the central region was 40" across. A: the right eye always saw 6O"/s leftward test ramps, whereas the images seen by the left eye were either stationary (continuous line), or moved in exactly the same way as those seen by the right eye (dashed line, "same"), or moved at the same speed but in the opposite direction (dotted line, "opp"). B: the central images seen by the right eye were always blanked (by deflecting the pattern to one side) at zero on the time scale, whereas the peripheral images seen by the left eye were moved exactly as in A; note that only one stimulus monitor is shown (leftward ramp). The ocular following resulting from this surround-only stimulation was always in the same direction as the associated stimulus motion. Upward deflections represent leeward motion. Labels and other conventions as in Fig. 4 . interocular transfer tests was at times weak, it was unequivocal since full-field motion always gave poorer responses than motion at the center alone. The average modulation index based on Cf was -24.7 t 15.7% (SE). (Modulation indices based on ef are probably more reliable in the dichoptic situation because all latencies were generally 5-10 ms greater than in the normal binocular viewing situation.)
When the peripheral and central images moved in opposite directions, responses were always worse than when the central images moved alone. The case for interocular transfer of anti-phase enhancement here hinges on the extent to which the decrement in ef was less than that which might be attributed directly to the conventional tracking responses evoked by the contrary movements of the peripheral images (seen in Fig. lOB) , i.e., to algebraic summation. In the example shown in Fig. lOA , the decrement with anti-phase motion was 23%, which was not signincantly different from that expected from algebraic summation (22%): P > 0.05, difference of means test. Of the four tests on two animals, only one showed evidence of anti-phase enhancement that was statistically significant (P < O.OOl), but the effect was quite small: modulation index based on ef in this case was 15.5 t 20.2% (SE). In summary, interocular transfer of the anoma-TIME (msec) TIME (msec) FIG. 11. Effect of blurring the random dot pattern with an interposed sheet of ground glass. A and B: sample response profiles from monkey 3 elicited by 6O"/s test ramps (rightward and leftward, respectively). Control (unblurred) responses are labeled "a"; the remainder were obtained with the ground glass and paper screens separated by distances of 8 mm (b), 16 mm (c), and 24 mm (d). Cutoff wavelengths in these 4 conditions were 0.59, 2.6, 6.2, and 9.4"/c. Labels and other conventions as in Fig. 4 . lous peripheral effects was only consistently observed for in-phase suppression.
Eflect of low-pass spatial jltering of stimuli
Tracking data were collected from four monkeys using seven different levels of spatial filtering, achieved with a ground glass diffusing screen. Some representative response profiles obtained from monkey 3 are shown in Fig. 11 . The pooled average measures of latency, ei, and ef from the four monkeys are plotted in Fig. 12 .
It is evident from Fig. 11 that spatial filtering of the moving images delayed the onset of ocular following. These changes in latency were very orderly in all four of the animals examined. When plotted against the cutoff wavelength (Fig. K&l) , latency increased linearly, the regression line having a slope of 1.6 ms/"/c (correlation coefficient, 0.998). It is also apparent from the sample responses in Fig. 11 that the initial transient phase of eye acceleration tolerated the blurring remarkably well, in one case (Fig. 11A) actually showing steady improvement (increasing amplitude and duration with increasing blur) and in the other (Fig. 11B) showing some slight improvement with moderate blur. Even with extreme blur (cutoff wavelength > 6"/c) attenuation of the earliest responses was seen in only three of the eight tests and never exceeded 30%. In fact, on average when the pattern was blurred, ei always exceeded the control by at least 20% (see filled circles, Fig. 12B ). On the other hand, the second wave of eye acceleration always showed a progressive decrease in amplitude with increasing blur (Fig. 1 l) , which resulted in a steady decline in the average ef (see open circles, Fig. 12B ). Even so, depleting the visual image of all wavelengths below loo/c only halved ef. Thus both the initial and the later waves of eye acceleration tolerated considerable degradation of the image. Nonetheless, it is important to stress that the first and second waves of eye acceleration showed differential sensitivity to low-pass spatial frequency filtering of the visual stimulus.
Responses to sinusoidal grating patterns
The spatial and temporal frequency characteristics of the visual stimuli supporting ocular following were examined more closely by substituting sinusoidal grating patterns for the usual random dots. In the first series of experiments to be described spatial frequency (F,) and drift velocity (v) were varied systematically while holding contrast constant (0.5) and in the subsequent series this situation was reversed.
Prolonged viewing of a particular sine-wave grating pattern by human observers is known to elevate their contrast sensitivity selectively to patterns of similar orientation and spatial frequency (5). No attempt was made to avoid this in the present study, and it is not known if the visual elements subserving the ocular following responses are susceptible to this adaptation. DEPENDENCE ON SPATIAL AND TEMPORAL
FREQUENCY.
Tracking response profiles elicited by drifting sine-wave grating patterns were generally similar to those produced by random dot patterns, though some special exceptions will be described later. Sample response profiles from monkey 2 have been assembled in Fig. 13 to show the effect of varying Y while keeping F, constant (Fig. 13A ) and of varying Fs while keeping V constant (Fig. 13B) . Some general trends are evident even from these superimposed profiles: as Vand/or F, increased, the latency of ocular following tended to decrease and the amplitude of the initial wave of eye acceleration tended to increase; the subsequent wave(s) of eye acceleration, and the final eye velocity achieved, also showed a similar marked dependence on V but seemingly little dependence on Fs. The further as- Fig. 14A show the effect of changing V while F, is constant, and those in Fig. 14B show the effect of changing F, while Yis constant. These changes in latency could be quite large, up to 50 ms, and were very consistent, even from one animal to another. Data points in Fig. 14 are each means (together with sample SEs) of six determinations made on three animals. When these same latency data were replotted against temporal frequency, Ft (where Ft = Ve F,), a single, relatively orderly relationship was revealed, at least for values of F, < l/2 c/O; see Fig. 15B . Sample response profiles from monkey 2 have been assembled in Fig. 154 to show the effect of reciprocal changes in F, and V over a fouroctave range, maintaining Ft approximately constant (range, 2 1-24 Hz). For values of Ft < 10 Hz, the logarithm of latency is inversely proportional to the logarithm of Ft (correlation coefficient, 0.93), and the least-squares best fit for a hyperbolic function of the general form y = ax" was obtained when a = 78 ms and n = -0.185. ' Increases in Ft beyond 10 Hz resulted in only slight reductions in latency until a minimum was reached when Ft was between 30 and 60 Hz. It is also clear in Fig. 15 that the two grating patterns with the highest values of F, (0.5 and 1 c/O) consistently yielded longer latencies for any given value of Ft than patterns with lower Fs. This increase in latency associated with the higher spatial frequencies coincided with a marked decrement in the amplitude of the earliest component of ocular following (see Fig. 15A ), and these spatial frequencies clearly approach the upper limit of the bandwidth of the tracking system's detector mechanism. This will be discussed in the next section. ' A slight discontinuity is evident in the latency data at -1 Hz. When Ft fell below this level, the initial wave of eye acceleration became so severely attenuated that it failed to reach the onset criterion; as a consequence, latency now devolved on a different component of the response.
Amplitude. Whereas the latencies of the ocular following responses obtained with sinewave grating patterns were as consistent as those obtained with random dot patterns, response amplitudes were much more variable. This was especially true of the very earliest part of the tracking response reflected in the ei measures. The problem here was an important, uncontrolled variable, the visual stimulation during the antecedent saccades, that wil.l be fully discussed in the next paper (52) . However, despite this trial-by-trial variability in the amplitude of the earliest portion of the individual responses, there were a number of very significant trends in the averaged measures of ef from the three animals, and these data are summarized in Fig. 16 . It is very clear from Fig. 16A that for any given F, the amplitude of ocular following (as indicated by &) increased markedly with F,, generally reaching a peak at lo-20 Hz. However, most of the improvements associated with increasing Ft were due to the underlying increases in V, for any given I;/, changes in Ft below 10 Hz were associated with relatively modest changes in response amplitude. This is most readily appreciated by replotting the same data and linking points that share the same V (see 16B). These two data plots also reveal that, regardless of F, or V, responses began to decrement rapidly as Ft exceeded lo-20 Hz, presumably reflecting the temporal frequency limits of the system. In discussing the significance of V and F, as determinants of the tracking response, potential complications related to the temporal frequency limitations of the system will be avoided by concentrating on those data for which Ft was t20 Hz. For this reason, continuous lines are used in Fig.  16 to link only those data points for which Ft < 20 Hz. It is clear from the data so linked in Fig. 16 , C and D that, when not limited by temporal factors, increases in Vresulted in ap preciable increases in ef, regardless of Ft or F,. Furthermore, it is apparent from Fig. 16E that, for a given V, changes in F, had only modest effects and there is no clear evidence for any upper or lower spatial frequency limits within the range tested. (The decreases evident in Fig.  16F in association with increases in F, while Ft was constant were presumably secondary to the reductions in K) Thus, provided that Ft was <20 Hz, then over the range investigated ef was mainly determined by I?
Plots similar to those in Fig. 16 were also done using ei in place of ef to assess the spa- tiotemporal characteristics of the first wave of eye acceleration. However, as already mentioned, these data were much noisier and less consistent from one animal to another. Nonetheless, a few general trends were apparent, and these response measures clearly differed in at least three respects from those in Fig. 16 . Thus ei showed: I) clear dependence on F,, as well as V, over the full range of frequencies examined; 2) a higher upper limit for Ft , responses beginning to roll off consistently regardless of V and FS, only when Ft exceeded 20-40 Hz; and 3) an upper limit for F,, responses beginning to rolI off consistently when F, exceeded '/s c/O regardless of V and F,.
As Ft approached 40+ Hz, the tracking system began to show signs of oscillation, response profiles showing transient reversals of eye velocity in all three monkeys examined. Some examples, taken from monkey 2, are shown in Fig. 17 . Consider first the profiles assembled in Fig. 17A , for which F, was fixed at 0.13 c/O and Ft was increased in stages by raising V: when Ft was only 21 Hz, the eye velocity profiles was similar to those seen in earlier sections, showing a brief dip between the first and second waves of eye acceleration; as Ft was increased the dip in the profile became more pronounced, resulting in reversaIs of eye velocity that were only very slight at 32 Hz but quite clear at 43 Hz; further increases in Ft (to 53 Hz) resulted in the attenuation of all response components including the reversal. At 43 Hz, the eye velocity profile showed one complete cycle of oscillation lasting about 40 ms (mean duration for the 3 animals, 39.6 ms), and after a further % cycle or so rapidly declined back toward the base line. In Fig. 17B , Vand F, were varied reciprocally over a threeoctave range maintaining Ft reasonably constant at about 42 Hz. The amplitude of the oscillation was greatest with the lowest F, (and highest v) and declined to very low levels as F, increased to about 1 c/O (and V decreased to 4O"/s), reflecting the upper limit of the system's spatial frequency bandwidth. The effect of reducing the contrast of the sine-wave gratings was investigated by placing a sheet of ground glass between the animal and the viewing screen (see METHODS). This was the same technique as that used earlier to blur the random dot pattern, and its effects on the ocular following responses to grating patterns were very similar: reductions in contrast resulted in orderly increases in latency, some paradoxical increments in the amplitude and/or duration of the first wave of eye acceleration and consistent progressive attenuation of the later components. Some of these trends are evident in Fig. 18 , which shows samples of the response profiles obtained from monkey 2 using a sine-wave grating pattern whose contrast ranged over more than two orders of magnitude. These data were typical of those obtained from the three monkeys examined.
Quantitative measures of latency and their dependence on contrast are summarized for all three monkeys in Fig. 19A . For contrast >0.02, the logarithm of latency varied inversely with the logarithm of contrast (correlation coefficient, 0.94), the least-squares best fit for a hyperbolic function of the general form y = aY being obtained when a = 47.9 ms and n = -0.070. Reductions in contrast below the 0.02 level were associated with much steeper increases in latency until responses began to fail at the lowest level examined (0.0034).
Returning to Fig. 18 , it can be seen that the initial peak in the eye velocity response profile remained fairly constant with moderate reductions in contrast; there were small decreases in the amplitude of the initial wave of eye acceleration but these were largely offset by increases in its duration. With further reductions in contrast, changes in the amplitude of the initial wave of eye acceleration were slight and more than offset by further increases in its duration, so that the initial peak in the eye velocity profile actually increased. Not until contrast reached 0.0034 did the initial peak in eye velocity show attenuation. Similar contrast dependence was seen in the amplitude data from all three animals, and these are summarized quantitatively in terms of ei in Fig. 19B (closed symbols) . The later components of the response (omitted from Fig. 18) showed little change at first as contrast was moderately reduced, but then a fairly severe attenuation ensued (open symbols in Fig. 19B ). latencies of only 50 ms. For various reasons it seems unlikely that these short latencies resulted from anticipation and/or prediction: I) animals were never trained to track the moving images; 2) ocular following responses were never reinforced; 3) intertrial intervals and ramp velocities were always randomized; 4) short latencies were evident on the very first trials; 5) "false starts", as indicated by ultrashort latencies (~30 ms) or by eye movements being initiated in the "wrong" direction, were never observed; and 6) with sine-wave grating stimuli of widely varying spatial frequencies and velocities, latency was a function of contrast and temporal frequency, demonstrating a remarkably close link between the onset of tracking and local luminance changes at the retina.
There have been only passing references in the literature to the latency of the ocular following responses elicited by large-field movements in the monkey and no systematic investigations. Values in the literature generally range from 100 to 150 ms, and it would seem that the ultrashort latencies reported here escaped notice. Most previous studies were unconcerned with the earliest responses, concentrating on the optokinetic nystagmus (OKN) that develops later with prolonged stimulation. The only systematic investigatio n of the latency of optokinetic responses in the literature is that of Collewijn (13) on the rabbit. In this study, the latency could be accounted for in terms of a minimum transport delay of 75 ms and a minimum movement required for detection of 0.007O. The effect of the latter was only significant at speeds below those used in the present study.
Perhaps the most interesting finding concerning the latency of ocular following in the present study briefly alluded to above was its sole dependence on contrast and Ft (provided F, < 0.25 c/O) when using sine-wave grating patterns. This indicates that tracking is triggered by local luminance changes on the retina. Such phase-independent behavior might be expected of a detection mechanism that receives inputs from small-field elements spread across l the retina. This will be discussed later, when we present a formal model of the mechanism.
Magnitude of ocular following
Ocular following responses could be elicited by a wide range of stimulus speeds and no attempt was made to define the limits, which clearly lay beyond the extremes used in the present study: 5-4OO"/s. Response profiles were consistent, though complex and idiosyncratic. The magnitude of ocular following, whether measured by ei or ef, generally increased as the logarithm of stimulus speed up to 4O"/s, often showing varying degrees of saturation thereafter. Curiously, responses were much weaker in some animals than others. This was true regardless of the type of response measure, ei or ef. We have no good explanation for this variability, which might be related to the recent finding that the "rapid" component of OKN is absent in some monkeys (6). Attentional factors may have been important here as they are known to be in OKN (18, 19, 42) . The ocular following responses of some monkeys may have been compromised by the nearness of the viewing in our experiments (236 mm), perhaps due to vergence and/or accommodation problems.
Directional asymmetries could be quite large and idiosyncratic, though the commonest pattern was for upward responses to be the strongest, downward the weakest, and horizontal, whether rightward or leftward, intermediate. This may relate to the finding that upward slow phases of OKN in the monkey are better than downward (59, 84), but not with the report that horizontal OKN is always better than vertical (84) .
Monocular optokinetic stimulation of normal primates (54, 74) generally fails to reveal any of the asymmetries characteristic of lateral-eyed animals such as the bird (29, 67, 93) , rat (78), guinea pig (82), frog (20), fish (22), and rabbit (12, 14, 23, 86), and this was also true of the short-latency responses reported here: there was no systematic preference for nasalward movements over temporalward, and the responses of the eye viewing the stimulus were not consistently better than those of the covered eye.
The data obtained with sine-wave grating patterns showed much more trial-by-trial variability than those obtained with random dots. The source of this variability is explored in the next paper, where it will be shown that all of the responses recorded in the present study, which resulted from stimuli delivered 50 ms after saccadic eye movements, were subject to postsaccadic enhancement. This enhancement is largely the result of the visual stimulation caused by the antecedent saccade sweeping the eye across the scene (52) . The amount of enhancement is much more variable with grating patterns than with random dots because the visual stimulation in the former case varies with the size and direction of the saccade, an uncontrolled variable here. This factor exerts a much greater effect on ei than ef. Accordingly, more emphasis has been given to the &measures, with mention of only the more salient features of the ei data.
Using sine-wave grating patterns, ef showed little dependence on F, over the range examined (0.046-l .06 c/O) but began to roll off abruptly with Ft when the modulation rate exceeded lo-20 Hz; otherwise, ef was chiefly dependent on V. Interestingly, the monkey's temporal modulation sensitivity function is known to peak at lo-20 Hz with high luminance stimuli such as those used in the present study (36, 61) . Measures of ei, on the other hand, showed a somewhat higher upper limit for Ft (20-40 Hz), a preference for lower F, and, for Ft < 20 Hz, clear dependence on both I;/' and F,. With latency a function of Ft, indicating that the time to initiate these earliest responses was determined by the local rate of change of luminance, it might be expected that the amplitude of the initial component would also be sensitive to this same stimulus dimension. It is of interest that some visually driven neurons in the striate cortex of the cat (89) and the optic lobe of the fly (37,38) have motion responses that are largely dependent on Ft rather than velocity per se.
It should be pointed out that none of the visual stimuli in the present study contained spatial frequencies greater than -3 c/O. Behavioral tests have shown that the monkey can resolve spatial frequencies more than an order of magnitude greater than this (17, 35, 36, 97) , so that our investigations have only explored the low end of the animal's spatial frequency range. However, it should be realized that spatial frequencies greater than those used in the present study could only contribute to the initiation of ocular following bv relativelv low speed stimuli because of the temporal frequency limits of the visual system, e.g., if F, were 10 c/O, even allowing a generous upper limit for Ft of 50 Hz, the highest slip speed that could evoke a significant response would be <5"/s.
Ocular following tolerated low-pass spatial filtering ("blur") extremely well (cf., Ref. 77) . Thus responses were still reasonably robust when the moving scene contained no significant elements with F, > 0.1 c/O (Fig. 12B) . From the functional viewpoint, the system's dependence on low spatial frequencies would render it relatively immune to naturally occurring refraction problems, which to a first approximation operate like a low-pass filter (46). However, this dependence on low spatial frequencies does not explain the paradoxical increases in ocular following with reductions in stimulus contrast (Fig. 19B) . Such improvements in responsiveness have no correlate in the known properties of neurons recorded in the visual pathways, whose responses invariably decrement under these circumstances. Significantly, these improvements were confined to the initial component of tracking (as reflected in $3 and occurred while the latency was increasing. We suggest that this delay in initiation might account for these improvements by allowing the tracking system more time to integrate motion inputs prior to the initiation of a response. This would require that I) the detector mechanism responsible for triggering ocular following acts solely as a gate, and 2) the visual error signals that actually drive the tracking response (encoding retinal slip?) are integrated prior to being gated in. Reducing stimulus contrast presumably compromises the inputs to both the gate and the tracking system proper. However, in our scheme the resulting delay in the opening of the hypothetical gate is offset at least in part by the increased time available for integrating the error signals. A model of the detector mechanism will be presented in the next section.
Model of detector mechanism responsible for triggering ocular following When sine-wave grating patterns were substituted for the random dots then, for F, < 0.5 c/O. latencv was found to be solelv a function of Ft and contrast. We infer from this that ocular following is triggered by local changes in luminance. In attempting to produce a model of the detector mechanism that would account for these data, a minimum of four elements was deemed necessary. The fundamental receptor elements were assumed to be spatially distributed, eliminating phase problems so that the detection process could be considered solely in the time domain. In this event, the receptor element with optimum spatial phase would trigger the following response, so that the input luminance profile was taken to have cosine phase. The detector was assumed to be insensitive to static luminance, and the first element in the model, which was solely to provide the dynamics, was chosen to show habituation at low frequencies (i.e., no response when there was no motion) and to roll off steeply at high frequencies (two poles, or -40 dB/decade). A describing function analysis of the latency-frequency data (Fig.  15B) suggested the presence of a dead-zone nonlinearity in the system. The departure of the latency-contrast data (Fig. 19A ) from a simple power function suggested a saturating nonlinearity. Several such nonlinearities were tried, with the best simulation resulting when a simple power function with a dead zone was used (element 2). From this point on it was assumed that the signal would be integrated (element 3) before passing to an all-or-none threshold device (element 4). For reasons that were discussed above, this detector mechanism is assumed to act as a gate for the tracking system proper. A block diagram of this scheme is shown in Fin. 20. Data at all contrasts and for temporal frequencies above 1 .O Hz and spatial frequencies below 0.5 c/O were used to fit the model parameters. The model has six parameters, which do not all appear linearly (e.g., D, 2, and H in Fig. 20) . A simplex algorithm was used to obtain fits of the model to the data using a weighted least-squares criterion that considered contrast and frequency data equally. The results of the simplex algorithm consistently underestimated the latencies at the highest temporal frequencies, presumably because of the small amount of data collected there. Hence, final estimates of the model parameters were obtained by adjusting them by hand until an increase in latency at high temporal frequencies was obtained (see caption of Fig. 2 1 for parameter values). It is evident from Fig.  21 that our model of the detector could reproduce all of the essential features of the latency data.
Our major concern above was to produce a parsimonious model that could account for the latency data, and less consideration was given to the amplitude data. This was in part because the former were much more robust than the latter and in part because no simple model seemed to account for the anomalous increases in ei with reductions in contrast. However, if the detector operates merely as a gate for the tracking system proper, then in principle, at least, it would seem possible to account for the anomalous amplitude data with low contrast: if the detector takes a long time to operate the gate (because of low contrast for example), and if during this time the tracking system continues to integrate the input error, then when the gate is eventually operated the accumulated drive signal will result in a brisk onset to tracking. We suggest that little is lost by the resulting delay in onset, and that this endows noise immunity and so improves fixational stability: not until the detector confirms the existence of motion is the tracking system allowed to go in pursuit. It should also be noted that, since the detectors in the model act only as a trigger they can be nondirectional, sensitive only to changing contrast rather than velocity per se. Of course such elemental (scaler) inputs will not support the tracking system proper, which must receive a direction specific (vector) input.
Adequate stimulus for ocular following
That full-field motion was not the optimal stimulus for ocular following was evident from dividing the visual field into separate central and surround areas. If the images moving at the center were 40° across, for example, responses were on average 72% better when the images in the surround were moving in the contrary direction than when they were moving in the same direction; responses were intermediate when there was no motion in the surround. This led to the notion of anti-phase enhancement when images in the surround moved contrary to those at the center, and inphase suppression when they moved with those at the center. These findings are reminiscent of earlier claims that human tracking responses evoked by the rotations of a small striped drum can be improved by contrary movements of the background (45, 87, 88). Similar phenomena also seem to be operating in some recent experiments described by Guedry et al. (32) .
The retinal events that gave rise to antiphase enhancement, and hence the most vigorous ocular following, resemble those during the tracking of a moving object: in the central retina, image slip in the direction of tracking, and in the peripheral retina, image slip in the contrary direction. It should be noted that in the present study and the earlier ones cited above (32, 45, 87, 88) there was always a stationary boundary between the central and peripheral images. Nonetheless, the data suggest that the ocular following system is specialized for tracking objects rather than whole visual scenes though, of course, the system does respond to the latter. In-phase suppression may be responsible for the fact that the initial component of OKN often falls far short of the drum velocity, even when the latter is still well within the velocity range of the pursuit system (8). However, in trying to identify the normal IN MONKEY. I 1349 functional context in which these special feafunctional context in which these special features of the system might operate it is importures of the system might operate it is important to bear tant to bear in mind that anti-phase enhancein mind that anti-phase enhancement was generally only evident when the ment was generally only evident when the central images were very extensive-40" gencentral images were very extensive-40" generally gave the best tracking responses. Various erally gave the best tracking responses. Various authors (2, 15, 99) have shown that stationary authors (2, 15, 99) have shown that stationary structured backgrounds have an adverse effect structured backgrounds have an adverse effect on human tracking performance when on human tracking performance when the the moving target is small (1 O or less), and moving target is small (1 O or less), and this this concurs with our observations in the present concurs with our observations in the present study when the ten study when the central images were 20° or less tral images were 20° or less in diameter. Some in diameter. Some anti-phase suppression of anti-phase suppression of the earliest ocular following responses was obthe earliest ocular following responses was observed in the present study with central images served in the present study with central images of 20' or less (triangles in Fig. 9C ), i.e., reof 20' or less (triangles in Fig. 9C ), i.e., responses were actually less than could be acsponses were actually less than could be accounted for by algebraic summation of center counted for by algebraic summation of center and surround influences. Clearly, the object and surround influences. Clearly, the object of regard must be physically quite large and/ of regard must be physically quite large and/ or very close to get the benefit of anti-phase or very close to get the benefit of anti-phase enhancement. Under natural conditions most enhancement. Under natural conditions most objects whose retinal.images are this large are objects whose retinal.images are this large are stationary and their retinal images generally stationary and their retinal images generally move only because the observer moves. The move only because the observer moves. The angular angular velocity, b, of a stationary object relvelocity, 8, of a stationary object relative to ative to a moving observer is given by simple a moving observer is given by simple geometry geometry 8 = arctan 8 = arctan (3) (3) where a is the velocity of the observer (meawhere a is the velocity of the observer (measured tangential to the object) and D is the sured tangential to the object) and D is the distance between the observer and the object. distance between the observer and the object. Thus the ocular following needed to compenThus the ocular following needed to compensate for the observer's own linear motion is sate for the observer's own linear motion is inversely related to the viewing distance. A inversely related to the viewing distance. A similar distance relationship governs the size similar distance relationship governs the size of the retinal image of a given object. This of the retinal image of a given object. This means that nearby objects, which offer the means that nearby objects, which offer the greatest tracking challenge, are also the ones greatest tracking challenge, are also the ones most likely to satisfy the ocular following sysmost likely to satisfy the ocular following system's preference for large images. tem's preference for large images.
Consider the commonplace situation in Consider the commonplace situation in which the observer is walking foward and atwhich the observer is walking foward and attempts tempts to fixate a distant, stationary object off to fixate a distant, stationary object off to one to one side. It is clear from the above expresside. It is clear from the above expression that the observer's motion will have negsion that the observer's motion will have negligible effects on the retinal images of distant ligible effects on the retinal images of distant objects, hence the necessity for tracking to staobjects, hence the necessity for tracking to stabilize such images is minimal; meanwhile, bilize such images is minimal; meanwhile, nearby images will move backward across the nearby images will move backward across the observer's observer's field of view at a rate that is inversely field of view at a rate that is inversely related to related to their distance. Now, if the observer their distance. Now, if the observer wishes to inspect one of these passing foreground objects then he must track it and, in so doing, the images of the more distant background will be swept forward across his retina (motion parallax). The net result will be contrary motion in the central and peripheral retina and, provided that the image of the object of regard is within the specified size range, the conditions will be optimal for the anti-phase enhancement of ocular following. It is possible that otolithocular reflexes (69) , modulated by suitable distance cues, might also contribute to the image stabilization here, though there have been no studies of this. Actually, the observer does not have to move about to experience motion parallax, lateral body sway or rotation of the head are sufficient. Paulus et al. (75) found that lateral body sway increased linearly with eye-object distance, showing that the visual stabilization of posture is ultimately dependent on the detection of relative motion between the observer and foreground objects. Thus, although the motion parallax effects here are quite small, they are nonetheless still sufficient to improve postural stability and, we assume, to invoke ocular following. Head turns also cause lateral translation of the lines of sight because the axis of head rotation is some distance behind the eyes. Thus, in order to fixate a near object while turning the head, compensatory eye rotations must offset not only the rotation of the head but also the associated linear displacement of the eyes. There is evidence that these translational effects are dealt with in part by modulating the gain of the VOR, perhaps by means of an otolith component such as that invoked above (3, 41, 73, 76, 9 1). PRELIMINARY MODEL.
In principle, one mechanism by which contrary motion in the surround could improve tracking performance might involve reversing the polarity of the signals from the peripheral retina. This would mean that leftward motion in the surround, for example, would result in rightward tracking; the contrary motion in the surround during tracking would then directly aid, rather than impede, progress. The visual control of locomotion in arthropods appears to be organized in this way: whether the animal is walking, swimming, or flying, and whether restrained in position or free to move, backward motion of the visual field elicits forward locomotory movements (16, 30,40, 5 1) . In this case, locomotion produces visual stimulation that further increases locomotion and so on: a clear instance of positive visual feedback. However, this is not the case in the monkey's ocular following system since motion in the surround alone generated tracking in the same direction as the stimulus motion, albeit weak. This indicates that the peripheral visual inputs here must exert their anomalous effects by modulating the responses generated by the motion at the center. A simple block diagram indicates the principle features of this scheme: Fig. 22 . We envision a negative feedback tracking system that is driven by foreground images moving in the central retina and modulated by background images moving in the peripheral retina. (For simplicity, the conventional effects of peripheral inputs, which are weak, have been omitted from the model.) In order to arrange matters so that contrary motion in the surround raises the gain to motion at the center, it is necessary to place a second negative sign in the loop through the peripheral retina; the net effect is to create a positive feedback loop that operates by modulating gain rather than by contributing directly to the error drive signal. To the extent that the background objects are stationary, their images move across the peripheral retina only when the animal moves and the peripheral slip signals represent a "reafferent" input (cf., Refs. 43, 44). Accordingly, we refer to this configuration as "positive reafferent modulation". Internal positive feedback has often been invoked in models of the primate smooth pursuit system to increase the effective forward gain (24, 25, 56, 65, 80, 81) .
This has generally been modeled by feeding back a central efference copy signal-generally eye velocity. We propose that a similar effect has been achieved in the monkey's ocular following system by having reafferent slip signals from the peripheral retina modulate the tracking responses mediated by the central retina.
Positive reafferent modulation has several advantages over the peripheral positive feedback arrangement found in arthropods. Consider, for example, the situation when the monkey looks directly at an object in the background and there are foreground images that impinge on the peripheral retina, as might happen when the animal looks out of a tree. With the positive feedback scheme, lateral body sway would disturb the peripheral retinal image thereby inducing tracking that would then disrupt the central retinal image. No such disruption would result with our modulation scheme. The latter is also less sensitive to noise. Consider the uncorrelated noise on the peripheral and central input signals. In a positive feedback scheme, the noise from the two sources adds together and is then magnified. In our scheme, noise from the two sources is multiplied but not subsequently magnified and, if the two inputs have no significant bias, the net effect is to reduce the noise in the resulting eye movements. Finally, a system based on positive reafferent modulation is more stable than one based on regular positive feedback regardless of whether the latter involves an internal or external loop. If the gain of the positive return path is too high, the system will be unstable and the eyes will oscillate. In contrast, positive reafferent modulation cannot lead directly to oscillations, since it does not drive the eyes. The margin for stability (how much the gain can be raised without causing oscillations) is also much wider with a modulation scheme, for peripheral movements only raise the gain of the central negative feedback path. This central path remains stable until the gain is raised so high that delays in the negative feedback loop cause oscillations.
Related observations. Collett (9-11) invoked a similar modulation mechanism some years ago in the privet hawk moth to account for the visual receptive field properties of a class of neurons in the optic lobe thought to mediate certain kinds of visual tracking. These neurons had direction selective receptive fields whose responses to small objects moving in the preferred direction at the center could be profoundly influenced by concurrent motion in the surround: in-phase motion in the surround produced inhibition, whereas anti-phase motion resulted in facilitation; movements in the surround alone did not affect ongoing activity. Clearly, this kind of receptive field organization could account for the anomalous peripheral effects that we find in the monkey's ocular following system.
In-phase inhibition was documented in di- Movements of the observer are factored into the model by means of summing junctions, which allow the positional coordinates of the foreground and background objects relative to the observer to be derived: xf, yf and xb, J+,. After conversion to angular measures, of and &, by applying an arctangent function, differentiation yields the visual motion inputs seen by the observer, i.e., the angular velocity of the foreground and background objects with respect to the observer: brand 8b. Image slip in the central retina resulting from ef is assumed to drive the ocular following system, represented here only by an adjustable gain element, G,, and a plant (extraocular muscles and globe). The output from the system is an eye velocity, &. If the background object is stationary, 8b provides zero input to the peripheral retina, and retinal image slip here is solely the result of the observer's own movements. This "reafferent" input is assumed to augment the gain, G, of the tracking system, for which purpose it must undergo a sign change.
rection selective visually-driven neurons in vertebrates over a decade ago (62, 83) but reports of anti-phase facilitation are relatively recent. Neurons similar to those described in the moth have now been found in the superior colliculus and the lateral suprasylvian visual area of cat (3 1,58) , and the middle temporal (MT) area of monkey (1, 85) .* Most authors have been mainly concerned with the possible involvement of MT neurons in visual perception, with emphasis on relative motion cues and figure-ground discriminations, but a role in ocular pursuit has been proposed (68) . Thus local chemical lesions of MT in macaque monkeys cause deficits in the initiation of pursuit by small moving targets (68) . Inter-* These visually driven neurons should not be confused with others that have weaker direction biases and show a preference for anti-phase relative motion between center and surround regardless of the direction of motion across their receptive field (26, 27, 33, 34) . A rich assortment of interactions resulting from relative motion between center and surround images has recently been documented in the cat superior colliculus (57) . estingly, MT neurons have been shown to respond to flashed grating patterns with a latency of 40 ms (60) , which is short enough to allow these neurons to have a role in the positive reafferent modulation of ocular following.
Since the in-phase suppression in the present study could still be obtained when the center and surround stimuli were presented to opposite eyes (interocular transfer), the suppressive effect must be mediated at least in part by the CNS. However, in-phase inhibition seems to be a widely distributed property among direction selective visual neurons so that this information may have little localizing value. It seems likely that the ocular following responses described in the present report are part of the so-called "rapid" component of OKN, which is known to be severely compromised by ablation of the flocculus and para-1 flocculus (92, 100) . Observations on one monkey following bilateral removal of the flocculus/paraflocculus revealed almost total loss of the tracking responses described in the present paper (F. A. Miles, K. Kawano, R. Gellman, and G. G&er unpublished obser-vations). However, thus far the earliest discharges that have been recorded in response to movements of a textured scene in the primate flocculus had latencies of 70 ms in one study (63, and 80 ms in another (70) .
In our experiments center and surround were always coplanar, and our consideration of the interactions between central and peripheral images during tracking ignored the fact that normally the two will also differ in
